Susceptibility to liver steatosis was studied in Landes and Poland geese, which are hyperand hyporesponsive, respectively, to overfeeding. Plasma lipoproteins were characterized at different stages of the overfeeding process, whereas fatty liver composition was determined after completion of overfeeding and slaughtering. Before overfeeding, plasma lipoprotein profile was typical of birds in both breeds, except that very low density lipoproteins (VLDL) were low in triglyceride (∼30%). Moreover, high-density lipoprotein (HDL) concentration was higher in the Poland geese (6.44 vs 4.97 g/L). During overfeeding, hepatic lipogenesis was increased, and fatty liver resulted from accumulation of primarily triglyceride (∼95% of lipid content), but also of all other lipids. This accumulation was significantly greater in the Landes geese for all lipids but phospholipid. Thus, the liver weight was 100% higher in this breed (1,005 g vs 485 g), whereas lipid release during sterilization was twofold higher (26.3 vs 7.5%). Parallely, plasma concentration and triglyceride content of hepatic lipoproteins, VLDL and HDL, increased about one-to twofold, this effect being greater in the Poland geese. Therefore, channeling of triglyceride towards secretion rather than in situ storage may be responsible for the hyporesponsiveness of this breed to overfeeding. In both breeds, and especially in the Landes geese, a relative deficiency in phospholipid synthesis together with an enhanced secretion may be limiting factors of hepatocyte hypertrophia and, therefore, of steatosis.
INTRODUCTION
Liver steatosis is observed commonly in wild species of palmipedes that store fat to provide energy during migration. Farmers take advantage of this natural susceptibility to steatosis for the production of fatty liver ("foie gras"). Indeed, overfeeding with a carbohydraterich diet for less than 2 wk results in a hepatic steatosis. In the goose, the liver weight may increase more than 10-fold in 2 wk and account for up to 10% of the body weight (Hermier et al., 1994) . During this process, association of de novo synthesized triglycerides to nascent lipoproteins is partly impaired, and these triglycerides are stored in the liver rather than secreted (Hermier et al., 1991a) . Triglycerides represent, therefore, the main contributor to liver steatosis (Leclercq et al., 1968; Labie and Tournut, 1970) . However, induction of a commercial fatty liver is not possible in all breeds or species of palmipedes, and we have shown previously that genetic differences in lipoprotein profile may explain, at least partly, the resistance to liver steatosis that has been described in some breeds (Hermier et al., 1991a) . This existence of breeds of geese that are hypoor hyperresponsive to overfeeding provides the opportunity to test the hypothesis that liver steatosis results from an impaired channeling of triglycerides towards secretion, in relation to lipoprotein metabolism. In the present study, we therefore focused on two breeds of geese, one of them known for its high susceptibility to fatty liver production (the French Landes grey goose), whereas the other exhibits only moderate performance (the Poland white goose) (Poujardieu et al., 1994) . The study was designed to shed light on the relation between liver lipids and plasma lipoproteins during the induction of liver steatosis. We also expected to obtain information on a technical aspect of fatty liver production, i.e., the possibility of detecting some metabolic traits that could explain the genetic susceptibility to fatty liver and be used for the selection of geese.
MATERIALS AND METHODS

Animals and Diets
The geese were males of the French Landes grey breed, highly susceptible to liver steatosis and of the Poland white breed, of which susceptibility is much less (Poujardieu et al., 1994) . Twenty birds of each breed, hatched on the same day, were bred under natural conditions of light and temperature at the Experimental Station for Palmipedes Breeding (INRA, Artiguères, France). From 0 to 13 wk, they were housed collectively, then they were housed in individual cages during the overfeeding period (2 wk). From 0 to 4 wk of age, they had free access to a diet containing 2,900 kcal and 205 g protein/kg. From 4 to 13 wk, they were given a growing diet of which daily intake was reduced to avoid excessive fatness (Table 1) . The daily amount of feed provided was 300 g between 4 and 5 wk, 350 g between 5 and 8 wk, and 250 g between 8 and 13 wk. At 13 wk of age, they began the period of "preoverfeeding", during which the feed restriction was released progressively to increase the volume of the digestive tract and to initiate the metabolic adaptation to overfeeding. In these animals, the spontaneous feed intake reached 700 g in 5 d on the same diet as before. At the end of the preoverfeeding period, both groups were given six meals a day for 14 d of a carbohydrate-rich diet consisting of boiled, salted maize (3,370 kcal/kg, 90 g protein/kg, and 4.5 g fat/kg). After cooking and addition of 0.4% waterfowl fat, the final mixture consisted of two-thirds feed and one-third water (Table 2) . Animals had free access to water at all times. The present work was carried out in agreement with the French legislation on animal experimentation and with the authorization of the French Ministry of Agriculture (Animal Health and Protection Directorate).
Blood and Liver Samples
The day before the beginning of the preoverfeeding period, and the last day of the preoverfeeding and overfeeding periods, all birds were deprived of feed overnight for 18 h with water provided. The morning after, blood was withdrawn by puncture of the occipital venous sinus, collected on EDTA 1.2 g/L in a vacuum tube, and kept at 2 to 4 C during the subsequent procedures. Individual plasma samples were separated by centrifugation at 3,000 rpm for 10 min. Antibacterial agents (sodium azide 0.1 g/L) and a chelator of metal cations (EDTA 0.8 g/L) were added to plasma samples. Plasma was then frozen at -20 C until further analyses.
Immediately after the last blood sampling, the geese were killed in a slaughter house by exsanguination while under electronarcosis. The livers were removed, weighed, and refrigerated at 4 C. A 70-g sample was taken from the ventromedial portion of the main lobe (right lobe) of each liver. A piece of about 60 g was chosen for immediate measurement of lipid release after heating for 50 min at 105 C, and another 10 g were frozen at -20 C for subsequent analyses. These analyses were performed only on geese that followed the entire overfeeding period (14 d), i.e., 16 Landes geese and 13 Poland geese.
Liver Analyses
Livers were characterized for water and lipid content. Water content was determined by weighing a 1-g sample before and after heating at 105 C for 12 h. Total lipids were estimated after freeze-drying of 1 to 2 g of liver and extraction in a Soxhlet extractor in petroleum ether at 40 to 65 C. The relative composition and the fatty acid profile of liver lipids were determined after freeze-drying of about 1 g liver and subsequent extraction of lipids according to the procedure of Bligh and Dyer (1959) . Appropriate volumes of chloroform and methanol were added to a known volume of the lower chloroform phase to preserve the lipids in chloroform-methanol (9:1, vol/vol). Liver lipids were then separated and quantified by thin-layer chromatography and flame ionization detection, using an Iatroscan TH10, 2 as described previously (Saadoun and Leclercq, 1987) . Separation was performed in hexane-diethyl ether-acetic acid 42:10:0.25 for 35 min at room temperature.
Triglycerides were separated from polar lipids by differential elution with 30 mL of chloroform in silicagel Sep-Pak cartridges 3 (Juaneda and Rocquelin, 1985) . For the determination of the fatty acid profile of triglycerides, methyl esters were prepared by derivatization using BF 3 in alkaline conditions, according to a normalized procedure (U.I.C.P. A., 1979) . Fatty acids were separated and identified by gas phase chromatography using a GC180 device 4 with a column (length 50 m, diameter 0.32 mm, phase BPX70) provided by SGE 5 and helium as vector gas. The oven temperature was programmed as follows: isothermic conditions (150 C) for 8 min 30 s, then a temperature gradient from 150 to 180 C for 15 min, and finally isothermic conditions (180 C) for 6 min 40 s. The temperature of the injector and the detector was 250 C.
Lipoprotein Analyses
Lipoproteins were isolated from plasma on the basis of their hydrated density in a single step according to the ultracentrifugal gradient procedure described by Chapman et al. (1981) and modified by Hermier et al. (1985) . Ultracentrifugation was performed in a Beckman L8-55 ultracentrifuge using a Beckman SW41 rotor 6 at 40,000 rpm (19.4·10 5 g) for 48 h at 15 C. The gradients were fractionated by collecting fractions from the meniscus of each tube by aspiration with a narrow bore Pasteur pipette.
In a first step, a plasma sample from each group was submitted to ultracentrifugation and the corresponding gradients were fractionated in 0.5-mL fractions to characterize the lipoprotein profile according to the distribution of phospholipids. Indeed, the phospholipid proportion is the less variable among the lipoprotein classes of the goose and thus phospholipid concentration may be considered as a fairly acceptable indicator of the total lipoprotein concentration in each fraction (Hermier et al., 1988) .
After the analyses of the lipoprotein profile, it was decided to collect together intermediate density lipoproteins (IDL) and low density lipoproteins (LDL), and to share equally the intermediary fraction between LDL and HDL. The resulting volumes and density limits respected the alternation of pigmented and unpigmented bands on the gradient and allowed the fractionation of all plasmas according to the following basis: VLDL, 0.5 mL, d < 1.013; IDL + LDL, 3.5 mL, 1.013 < d < 1.044; HDL, 5 mL, 1.044 < d < 1.183. These values were in good agreement with those determined previously in the goose (Hermier et al., 1988) . Lipoprotein fractions were dialyzed in Spectrapor tubing 7 (molecular mass cut-off 12,000 to 14,000) for 48 h at 4 C against a solution containing 0.05 M NaCl, 0.005 M NH 4 HCO 3 , 0.04% EDTA, and 0.01% sodium azide at pH 7.4.
Chemical Analyses
Plasma glucose was determined enzymatically using a Beckman autoanalyzer and the corresponding kit (Kadish et al., 1968) . The following components were quantified in each lipoprotein fraction and in whole plasma as follows; protein by the Lowry method using bovine serum albumin 8 as a standard; triglycerides, total cholesterol, and phospholipids by colorimetric enzymatic methods, using the kits provided by Bio-Mérieux 9 and free cholesterol using the kit provided by Boehringer 10 (Richmond, 1973; Takayama et al., 1977; Fossati and Principe, 1982) . The amount of plasma free glycerol was determined using the kit provided by Sigma and was subtracted from the values obtained for plasma triglycerides. Analyses were performed in duplicate. The amount of cholesteryl esters was calculated using the formula: cholesteryl ester = (total cholesterol -free cholesterol) × 1.67. In this calculation, it was assumed that the factor for the ratio of the average molecular weight of goose plasma cholesteryl esters to that of the molecular weight of free cholesterol (i.e., 1.67), was the same in humans and geese. Lipoprotein concentrations have been calculated by addition of the concentrations of the individual protein and lipid components.
Statistical Analysis
Results were expressed as mean ± SEM and their significance was analyzed by the Student's t test. Correlations within liver parameters or between liver and plasma parameters were determined by linear regression.
RESULTS
Body and Liver Features
At the beginning of the experimental period (1 d before preoverfeeding), the geese were 13 wk old and both breeds weighed the same (Table 3) . During preoverfeeding, which allowed the birds to consume feed ad libitum for 5 d, the daily feed intake increased regularly and similarly in both breeds from 300 to 700 g/d, which resulted in an identical weight gain. By contrast, after 14 d of overfeeding, the Landes geese were significantly heavier, probably as a consequence of their higher feed intake. Feed efficiency was, therefore, identical in both breeds, requiring 5.4 kg of maize for 1 kg of body weight gain.
In the Landes geese, the liver was 100% heavier, and contained significantly more lipids and less water (Table  4) . Consequently, the lipid release was considerably 
higher in this breed. Analysis of the lipid composition showed that overfeeding resulted in accumulation of triglycerides, which accounted for 96.5 and 93.6% of total lipids in the Landes and Poland breeds, respectively. The difference in liver weight between the two breeds therefore resulted from a difference in the amount of stored triglycerides, which was twofold higher in the Landes geese. Accumulation of cholesterol and nonesterified fatty acids was also significantly higher in this breed, whereas phospholipid content did not differ between the two groups. In both breeds, there was a positive significant relationship between liver weight and lipid release on the one hand, and to hepatic triglyceride and cholesterol content on the other. In contrast, there was no relationship with phospholipid content (data not shown). Fatty acid profiles in liver triglycerides are reported in Table 5 . In the Landes breed, triglycerides contained significantly more palmitic acid and less stearic acid. However, the fatty acid profile was very similar in both groups, with a predominance of oleic acid, and a ratio of unsaturated:saturated fatty acids of 1.5 approximately. In both breeds, the fatty acid composition was not correlated to either liver weight or lipid composition. The only exception appears in the Landes geese, in which the percentage of stearic acid was negatively correlated to the liver weight (P < 0.05).
Plasma Parameters
Before Preoverfeeding. As shown on Figure 1 , the lipoprotein profile of two representative geese displayed the usual distribution of plasma lipoproteins in this species, with a very low concentration of VLDL during feed deprivation (Hermier et al., 1988) . The first peak corresponded to the band of LDL, which was barely or even not visible on the density gradient in most cases, and the major peak corresponded to HDL, which is typically the major lipoprotein class in the goose, as in other avian species.
The greater area of the HDL peak from the Poland goose ( Figure 1 ) was confirmed after analyses of the individual plasma parameters (Table 6 ). Indeed, HDL concentration was significantly higher in the Poland breed, as were the concentrations of free cholesterol and phospholipids, which are transported mainly by HDL. The concentration of other plasma parameters or lipoprotein classes did not differ significantly between the two groups. As expected, triglyceride was predominant in VLDL, cholesterol in IDL-LDL, and protein and phospholipid in HDL (Figure 2 ). However, goose VLDL contained an unusually low amount of triglyceride (30 to 32%), whereas that of cholesteryl esters was rather high (22 to 24%).
After Preoverfeeding. During preoverfeeding, the spontaneous increase in feed intake for only 5 d was responsible for major changes in plasma lipoprotein profile, as shown on Figure 1 and Table 6 . Plasma triglyceride and VLDL concentration were considerably increased, whereas plasma glucose level was still consistent with a state of feed deprivation in birds, specifically in the goose (Karmann et al., 1992) . The band corresponding to LDL was usually not visible on the gradients, and the plasma concentration of IDL-LDL was very low in both breeds. The HDL concentration was not modified by preoverfeeding, and remained higher in the Poland geese. These changes in lipoprotein concentrations were accompanied by changes in their composition (Figure 2) . After preoverfeeding, all lipoprotein classes, and especially VLDL, were enriched in triglyceride to the detriment of cholesteryl esters. As before preoverfeeding, lipoprotein composition was similar in both breeds, with only a significantly higher content of cholesterol in VLDL from the Landes geese.
After Overfeeding. Under the influence of overfeeding, all plasma lipid parameters were considerably increased, with the exception of the IDL-LDL fraction ( Figure 1 and Table 6 ). Plasma concentrations of hepatic lipoproteins, i.e., VLDL and HDL, increased more than 100% in the Landes geese during overfeeding (Figure 2 ). This effect was even more pronounced in the Poland geese, in which all plasma lipid concentrations were significantly higher, with the exception of cholesteryl esters. Lipoprotein composition did not exhibit major differences before and after overfeeding, with all lipoprotein particles still containing more triglyceride and less cholesteryl esters than before preoverfeeding (Figure 2 ). The main difference between breeds was the lower proportion of phospholipid in all lipoprotein classes in the Landes geese.
Correlations Between Plasma and Liver Parameters. As concerns plasma parameters before overfeeding, there was no correlation with liver parameters, whatever the breed and the parameter considered (data not shown). Therefore, it was not possible to predict the susceptibility of the geese to liver steatosis before the experimental period, at least for the plasma parameters and age chosen.
The relevant correlations between plasma and liver parameters in the overfed geese are summarized on Table 7 . In the Landes geese, the liver weight and triglyceride content were correlated negatively to plasma phospholipids, plasma HDL, and phospholipid content of VLDL and HDL. For the lipid loss, the negative relationship was true with the proportion of phospholipids in VLDL and HDL only. Therefore, high levels of circulating phospholipids transported by lipoproteins, and especially by HDL, were associated with relatively smaller fatty livers. In the Poland geese, the liver weight, lipid release, and triglyceride content were not related to any plasma parameter. In this breed, a high phospholipid content of the liver tended to be associated with low plasma phospholipids, but the only significant correlation was a positive relationship between liver phospholipids and HDL triglycerides.
DISCUSSION
The hepatic steatosis of the palmipedes results from a dramatic increase in de novo lipogenesis induced by overfeeding, associated to an imbalance between lipid synthesis and secretion, resulting in the accumulation of triglyceride and other lipids. Previous studies indicated clearly that the differential susceptibility to liver steatosis among various species and breeds of palmipedes does not depend on the feed intake, but relies on genetic differences in lipid metabolism (Bogin et al., 1984; Hermier et al., 1991a; Poujardieu et al., 1994; Salichon et al., 1994) . The present study contains the first description of plasma lipoproteins and liver lipids in a breed of geese with a moderate susceptibility to hepatic steatosis, the Poland goose, in comparison with the well-known Landes goose, which is highly responsive to overfeeding and used world-wide for the production of fatty liver. The comparison of the liver composition with that of geese that were not overfed (Hermier et al., 1991a) showed that not only triglyceride, but also all other lipids accumulated in both breeds during overfeeding, this accumulation being always greater in the Landes group. The only exception was the phospholipid amount, which was limited and similar in both breeds. Therefore, there is a difference to be considered between storage lipids, and especially triglyceride, which are highly responsive to overfeeding and represent a good indication of genetic susceptibility of the various breeds, and structural membrane lipids, and especially phospholipids, which seem to be more resistant to overfeeding and independent of the breed. Such differences in liver composition in response to overfeeding may rely, at least partly, on differences in lipid synthesis and lipoprotein secretion by the liver, as hypothesized previously (Hermier et al., 1991a) . In the present study, VLDL were unusually poor in triglyceride (31 to 32% only, see Figure 2 ) when compared to other feed-deprived birds that are not susceptible to liver steatosis, such as the chicken (Hermier et al., 1984) or the Rhine goose (Hermier et al., 1991a) . This anomaly supports the hypothesis that susceptibility to liver steatosis in the goose is associated with a preferential channeling of liver triglycerides towards in situ storage rather than secretion as VLDL (Hermier et al., 1994) . Nevertheless, the only difference between the two breeds did not concern VLDL, but HDL, as well as free cholesterol and phospholipids, which are transported mainly by HDL in bird species. Plasma concentrations of these parameters were higher in the Poland goose, which means that their transport was facilitated in that breed. However, it cannot be concluded from these data whether this increase in plasma phospholipids and free cholesterol resulted from either an enhanced synthesis or better secretion of these lipids in these geese.
In the Poland goose, the higher concentration of all the lipoprotein classes, in response to overfeeding, suggests that this breed reacts by enhanced exportation of all liver lipids. The greater amount of subcutaneous and abdominal tissues in this breed (Poujardieu et al., 1994) support this hypothesis, because the development of adipose tissue in birds depends mostly on the uptake of VLDL synthesized and secreted by the liver (Hermier et al., 1991b) . The rate of de novo lipogenesis in the goose during overfeeding remains to be determined, and a lower rate in the Poland geese could be responsible for the lower liver weight in that breed. Even if this were the case, it was not associated with a decrease in the exportation of lipids. On the contrary, it is likely that, in the Poland geese, overfeeding enhances lipoprotein secretion, which limits liver steatosis and promotes extrahepatic fattening.
The overfed Poland goose differs from the Landes goose not only in triglyceride, but also in phospholipid FIGURE 2. Plasma lipoprotein composition (mean weight percentage) in geese (L = Landes, P = Poland) during the experimental period. Values are means ± SEM and the significant differences between breeds at a given age are indicated FC = free cholesterol; CE = cholesteryl esters; TG = triglycerides; PL = phospholipids; PR = proteins. *P < 0.05; **P < 0.01; ***P < 0.001. metabolism, of which involvement in hepatic steatosis remains puzzling. A deficiency of phospholipid, and more specifically of phosphatidylcholine, together with an increase in lipogenesis, is known to impair VLDL assembly and secretion (Vance and Vance, 1985; Yao and Vance, 1988) . As the overfeeding diet consists mainly of maize and is very low in choline, it is likely that the synthesis of phosphatidylcholine, which is the major phospholipid species in liver and plasma lipoproteins, cannot parallel that of triglyceride and facilitates liver steatosis. The mechanism of hepatic steatosis, which is mainly an accumulation of triglyceride, involves cellular hypertrophy and hyperplasia (Leclercq et al., 1968) . The occurrence of the huge fatty liver found in the susceptible breeds of geese depends, therefore, on the capacity for synthesis of cellular membranes, of which lipid moiety consists of free cholesterol and, especially, phospholipids. Consequently, a deficiency in liver phospholipids, and, to a lesser extent, of free cholesterol, resulting from either decreased synthesis or enhanced secretion, could affect hyperplasia and limit triglyceride storage, and therefore the increase in liver weight.
Moreover, the proportion of the available phospholipid that is channeled towards association to triglyceride and VLDL secretion, rather than used in situ for membrane synthesis, may account for the inter-and intrabreed susceptibility to liver steatosis. Data from the present study indicate that, the more phospholipids were transported in plasma, especially as HDL, the lower the liver weight and triglyceride content (Tables 5  and 7) , whereas phospholipid content of the liver did not change (Table 4) . It may be postulated that, in response to overfeeding, the increase in phospholipid synthesis is paralleled by a similar increase in phospholipid secretion in VLDL and HDL, which has a negative effect on triglyceride accumulation. This could explain, at least in part, both the breed-related susceptibility to fatty liver (there are more HDL in the Poland goose) and the variation in the response to overfeeding in the Landes goose (high HDL levels are associated with smaller livers). This ability to secrete phospholipids instead of using them for in situ membrane synthesis appears therefore as a limiting factor of the extent of liver steatosis, especially in the hyper-responsive Landes breed.
